Introduction
The production of b hadrons in e + e − annihilation at the Z 0 resonance offers an excellent opportunity to study their properties in detail. The four LEP experiments have each accumulated 0.9 million Z 0 → bb events, and the SLD experiment at the SLAC linear collider has collected a further 120 000 bb events with a polarised e − beam and excellent secondary vertex resolution from a pixel-based vertex detector. These data samples have been used to perform a huge program of b physics, including the studies of b hadron lifetimes, B s width difference and measurements of the CKM matrix element magnitudes |V cb | and |V ub | described below.
b hadron lifetimes
The lifetimes of b hadrons depend both on the strength of the coupling of the b quark to the lighter c and u quarks, and on the dynamics of the b hadron decay. The spectator model prediction that all b hadron lifetimes are equal is modified by effects dependent on the flavour of the light quark(s) in the hadron. These effects can be calculated using Heavy Quark Expansion tools, and the precise measurement of b hadron lifetimes provides an important test of this theory.
Experimentally, the measurement of b hadron lifetimes requires the isolation of a sample of the particle under study (both from other b hadrons and non b background), the reconstruction of the proper decay time of each b hadron, and the detailed understanding of backgrounds and systematic biases. Different approaches have been used, and will be discussed in more detail below. § E-mail: richard.hawkings@cern.ch and willocq@physics.umass.edu In the OPAL analysis [3] , this is handled using an 'excess decay length' technique, finding the minimum decay length for each event that would still result in it being selected, whilst the higher resolution silicon detectors of DELPHI and especially SLD allow them simply to cut events with small proper times and fit an unbiased exponential beyond the cut [4] . In all these analyses, the charged/neutral separation is enhanced using additional information, for example by reconstructing the flavour (b or b) of the b hadron in the opposite event hemisphere, or by using identified kaons or protons to suppress B 0 s and Λ b background. These techniques result in samples of tens of thousands of charged and neutral b decays, even for SLD where the high performance vertex detector more than compensates for the lower initial number of Z 0 compared to LEP.
A third technique to measure the B 
Lifetimes summary
The lifetime results can be most usefully compared with theory by studying the lifetime ratios τ B + /τ B 0 , τ Bs /τ B 0 , etc. These are shown in Figure 4 , together with the corresponding theoretical predictions [7] . Whilst the meson lifetime ratios are in excellent agreement, the b baryon lifetime is significantly smaller than expected. The experimental results have been stable for several years, and it remains to be seen whether they can be reconciled with the existing theoretical picture, or are pointing to a more fundamental problem. The LEP and SLD lifetime analyses are now almost complete, so further significant experimental improvement can only be expected from the Υ(4S) B factories (for B + and B 0 d only) and Run II of the Tevatron.
B mixing
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where G F is the Fermi constant, m Bq is the B 
which indicates that the ratio |V ts /V td | can be determined with an uncertainty as small as 5% [11] . In the Wolfenstein parameterization of the CKM matrix, we have 
where N is the total number of decays selected, f (B 0 q ) is the fraction of B 0 q mesons in the selected sample, w is the probability to incorrectly tag a decay as mixed or unmixed (i.e. the mistag rate) and σ t is the proper time resolution. The proper time resolution depends on both the decay length resolution σ L and the momentum resolution
Based on the Wolfenstein parameterization, we see that ∆m s /∆m d ≃ 1/λ 2 , which is of order of 20 (the other Wolfenstein parameters are of order 1). Therefore, B One of the main challenges is to suppress leptons from cascade (b → c → l + ) decays which contribute "wrong-sign" leptons; direct leptons come from (b → l − ) transitions. Such suppression is usually achieved with a cut on p T , the momentum of the lepton transverse to the jet axis, or with a combination of variables, e.g. using a neural network algorithm.
Reconstruction methods fall in three general categories. (i) nearly exclusive: a high purity sample is extracted by selecting B . This average is currently dominated by LEP measurements but will soon be dominated by B Factory measurements, thanks to much higher statistics. The analyses differ in the way the B 0 s decay is reconstructed and thus in the way the decay flavour is determined. Three general classes can be identified: inclusive, semiexclusive and fully exclusive. Inclusive analyses benefit from the large available statistics but suffer from low B 0 s purity, whereas more exclusive analyses benefit from high purity and resolution but suffer from the lack of statistics (this is particularly true for the fully exclusive analyses). Several analyses are discussed below to highlight these differences.
Inclusive analyses have been performed by ALEPH, DELPHI, OPAL and SLD. The charge dipole analysis is an example of fully inclusive method introduced by SLD [15] . It aims to reconstruct the b hadron decay chain topology. This method takes full advantage of the superb decay length resolution of the SLD CCD pixel vertex detector to separate secondary tracks (from the B decay point) from tertiary tracks (from the D decay point). The decay length resolution is parametrized by the sum of two Gaussians with σ L = 72 µm (60% fraction) and 265 µm (40%), whereas the momentum resolution is parametrized with σ p /p = 0.07 (60%) and 0.21 (40%). A "charge dipole" δQ is defined as the distance between secondary and tertiary vertices signed by the charge difference between them such that δQ > 0 (δQ < 0) tagsB
The average decay flavour mistag rate is estimated to be 24% and is mostly due to decays producing two charmed hadrons. A sample of 8556 decays is selected with a B 0 s purity estimated to be 15% (higher than the production rate of 10% due to the fact that only neutral decays are selected).
The most sensitive inclusive analysis was performed by ALEPH [16] and aims to reconstruct semileptonic B decays. In this analysis, the D decay vertex is reconstructed inclusively and a resultant D track is vertexed with the lepton and the b hadron direction (from the jet direction) to form a B decay vertex. Fairly loose cuts are used at the various stages of the analysis to obtain a high statistics sample of 74026 events. The analysis relies on several neural network algorithms to perform the following tasks: production flavour tagging, bb event selection, direct lepton selection, and B . The oscillation amplitude A is expected to be A = 0 (A = 1) for oscillation frequencies sufficiently far from (close to) the true value of ∆m s . All available measurements of the oscillation amplitude at ∆m s = 15 ps −1 are summarized in Figure 6 . Also shown are the sensitivities for each analysis to set a 95% C.L. lower limit on ∆m s .
The measured oscillation amplitudes are combined [14] , taking statistical and systematic correlations into account, to obtain the world average amplitude spectrum shown in Figure 7 . The rise in statistical error as ∆m s increases comes from the fact that an increasingly smaller fraction of the data sample has sufficient proper time resolution to resolve more rapid oscillations; the better the resolution, the smaller the rise. The combined amplitude spectrum excludes mixing (A = 1) for ∆m s < 15.0 ps
at the 95% C.L., whereas the sensitivity is 18.0 ps −1 . The significance of the deviation from A = 0 near ∆m s = 17.5 ps −1 was investigated with a parameterized fast Monte Carlo simulation. It was found that, assuming that the true value of ∆m s is large, the probability to observe a deviation of equal or greater significance as that seen in figure 6 anywhere between ∆m s of 0 and 25 ps −1 is about 2.5%. Further progress is still expected from DELPHI and SLD over the next year or so. In the near future, CDF (and presumably D0) is expected to apply the fully exclusive method and observe B [23] .
The various results from LEP and CDF have been combined to give an overall result of ∆Γ s /Γ s = 0.16 +0.08 −0.09 or ∆Γ s /Γ s < 0.31 at 95 % CL [7] . If the τ B 0 = τ Bs assumption is removed, the result changes to ∆Γ s /Γ s = 0.24 +0.16 −0.12 or ∆Γ s /Γ s < 0.53 at 95 % CL. These results are suggestive of a significant non-zero value of ∆Γ s , consistent with the high limit on ∆m s , but are not yet significant enough to draw any definite conclusions.
Measurements of |V cb |
The magnitudes of the CKM matrix elements V cb and V ub are fundamental parameters of the Standard Model which can only be determined experimentally, and are of particular interest in the CKM model of CP violation. Their values govern the transition rates of the quark level processes b → cℓν and b → uℓν. However, the confinement of quarks within hadrons leads to significant theoretical uncertainties in interpreting the corresponding hadronic decays.
The magnitude of V cb is measured from the differential rate ofB
decays as a function of the recoil variable ω, defined as the product of the four-velocities of the B and D * + mesons. ω varies from 1 at the point of zero recoil (when the D * + is produced at rest in the B rest frame) to about 1.5. The differential decay rate is given by
where F (ω) is the hadronic form factor, K(ω) is a known phase space term and τ B 0 is the B 0 d lifetime [25, 26] . In the heavy quark limit, F (ω) corresponds to the IsgurWise function and F (1) = 1 [26] . Dispersion relations allow the form of F (ω) to be calculated in terms of a single parameter ρ 2 which represents the slope of F (ω) at ω = 1 [27] . The value of F (1) can be calculated using Heavy Quark Efective Theory (HQET); one recent estimate gives F (1) = 0.913 ± 0.042 [28] . Unfortunately, the phase space term K(ω) → 0 as ω → 1, so the differential decay rate must be measured close to ω = 1 and extrapolated to determine |V cb |.
The signal decay can be reconstructed exclusively, where the D 0 is reconstructed in specific decay modes, or inclusively, as discussed in section 2. The values of F (1)|V cb | and ρ 2 are extracted using likelihood fits to the reconstructed ω spectra, taking into account contributions from signal decays, physics background (mainly from decays of the formB → D * + h ℓ −ν ) and combinatorial background. The combinatorial background is estimated using events from the mass sidebands or having the wrong lepton-pion charge correlation. The physics background has contributions fromB → D * * ℓ −ν decays where the D * * decays to D * π or D * K, and possibly also from direct four-body non-resonantB → D * + h ℓ −ν decays. Isospin considerations imply that approximately two thirds of these decays involve charged pions, which can be suppressed by looking for additional charged particles consistent with coming from the b decay vertex.
The contribution ofB → D * + h ℓ −ν events can be calculated from the ALEPH measurement of Br(b → D * + π − ℓν) = (0.473±0.095) % [29] , but the ω spectrum of these events is also important. The decay rates and form factors predicted by the calculation of Leibovich et al. [30] have been used, with the free parameters of the calculation constrained by experimental measurements of the ratio R A recent preliminary DELPHI analysis [31] has searched for mass structure in The fit results for F (1)|V cb | and ρ 2 from the ALEPH exclusive [32] , DELPHI inclusive [33] and OPAL inclusive and exclusive combined [34] where the first error is statistical and the second systematic in each case [7] . The recent measurement from CLEO [35] is also shown in Figure 8 , and is somewhat higher than the LEP result. Assuming no correlated systematic errors, and correcting to a common form factor parameterisation, the LEP and CLEO F (1)|V cb | results differ by 2.4 standard deviations. More work is needed to understand the origin of this possible discrepancy.
Using the value F (1) = 0.913 ± 0.042 [28] , the LEP combined result is
where the first error is the experimental error on F (1)|V cb | and the second the theoretical uncertainty on the value of F (1). The value of |V cb | can also be extracted from the LEP measurement of the inclusive semileptonic branching ratio Br(b → Xℓν) = (10.56 ± 0.11 ± 0.18)% [36] , after subtracting the contribution from b → uℓν. Theoretical models can then be used to translate this into a measurement of |V cb | [7] , giving |V cb | = (40.7 ± 0.5 (expt) ± 2.0 (theory)) × 10 −3 , in encouraging agreement with the determination from B 0 d → D * + ℓ −ν decays. Significant correlations (both experimental and theoretical) exist between these measurements, so no attempt is made to average them at present.
Measurements of |V ub |
The magnitude of V ub can be measured from the rate of charmless semileptonic b decays B → X u ℓν, but there is an overwhelming background from charmed semileptonic b decays, due to the smallness of the ratio (|V ub |/|V cb |) 2 ∼ 10 −2 . The main challenges of this measurement are therefore to separate a clean sample of charmless decays whilst maintaining a model independent efficiency and good control over the charmed background.
Previous measurements of |V ub | at the Υ(4S) resonance have used either a lepton endpoint technique (selecting events with lepton energies beyond the kinematic limit for B → Dℓν decays) [37] , or the reconstruction of specific exclusive final states (B → πℓν or ρℓν) [38] . The former suffers from significant dependence on the modelling of the lepton energy spectrum, whilst the latter requires an estimate of the decay form factor in a regime where HQET is not applicable.
The experimental environment at LEP allows a rather different and complementary technique to be used, based on inclusive reconstruction of the hadronic system recoiling against the lepton. In mostB → X u ℓν decays, the invariant mass of this system is significantly below the charm hadron mass, allowing a relatively model independent measurement of the charmless semileptonic branching ratio. Theoretical models can then be used to relate this branching ratio to |V ub | 2 .
The ALEPH [39] and L3 [40] analyses start by selecting a sample of events with an identified high momentum lepton (electron or muon) emitted with significant transverse momentum with respect to the nearest jet axis. Secondary vertex based b-tagging is used to suppress non-bb event background. Reconstructed particles (tracks and calorimeter clusters) in the jet containing the lepton are then classified as coming from the b hadron decay or fragmentation processes, based on momentum, rapidity and vertexing information. The b decay particles are boosted into the reconstructed b hadron rest frame, and various kinematic and event shape variables, as well as the invariant mass of the hadronic system, are calculated. Both charged and neutral particles are used, to minimise the dependence on the particular b decay mode. The final selection is typically made using an artificial neural network, trained to separateB → X u ℓν decays fromB → X c ℓν decays using all available discrimination variables and their correlations.
A somewhat different approach is taken by DELPHI [41] . Here, the selected events are divided into 4 classes, depending on the reconstructed hadronic mass (above or below 1.6 GeV) and an enrichment or depletion in b → u decays. The enrichment is performed by selecting events with no identified kaons or protons (from charm decays), and by trying to associate the lepton with the secondary vertex of the hadronic systeminB → X c ℓν decays, the lepton tends to be produced closer to the primary vertex due to the flight distance of the charm hadron before it decays. An excess of events is found in the class with low hadronic mass and b → u enrichment, consistent with the presence of B → X u ℓν decays. The analysis measures the ratio Br(B → X u ℓν)/Br(B → X c ℓν) using a binned maximum likelihood fit to the number of events and lepton energy spectrum of each class.
The measurements from ALEPH [39] , DELPHI [41] and L3 [40] have been combined to give a result of
where the first error includes statistical and uncorrelated systematic contributions, the second is associated with modelling b → c decays and the third with modelling b → u decays [7] .
This result can be translated into a value for |V ub | using the relation [42] |V where the errors correspond to uncorrelated experimental, b → c, b → u and theoretical sources respectively. As expected, the largest error comes from the uncertainties in modelling the large background fromB → X c ℓν decays in these analyses.
Conclusions
The 
